ABSTRACT Fiberglass reinforced plastic (FRP) hot sticks are the most common tool used in live working on 10-kV overhead power lines. However, the flashover voltage of hot sticks significantly decreases with increase in altitude. Until now, test data for live working in areas where the altitude exceeds 3000 m have not been available. In this paper, an experimental study on the flashover performance of the FRP hot sticks was carried out in different high-altitude areas. Power frequency discharge tests were performed in Yambajan (4300 m), Lhasa (3600 m), Nyingchi (2900 m), and Wuhan (28 m), respectively. The flashover characteristics in different areas were obtained and analyzed, and a voltage correction method was proposed. Based on these test results, the minimum approach distance of hot stick in high-altitude conditions was determined, and the safety margin was verified. The test results show that for altitudes between 2500 and 4500 m, the hot stick flashover voltage decreases by 7.725% with every 1000 m of altitude increase, and the minimum approach distance of hot stick is 0.6 m (without end fitting) and 0.9 m (with end fitting), and the safety margin is 3.
I. INTRODUCTION
Live working is an important method used to reduce outage time and ensure safe operation of the distribution network. However, the development of live working is still subject to many restrictions, especially in high-altitude areas such as Tibet, where the average altitude exceeds 3000 m [1] . For 10 kV overhead lines, FRP hot stick is the most common tool used in live working. When conducting live working on overhead lines, the hot stick provides significant impedance between the line worker and the live equipment. Therefore, the hot stick's insulation performance is of great importance. In order to ensure the safety of the line worker, IEEE Standard 516TM-2009 [2] and IEC Standard 61472-2013 [3] have presented the requirements of minimum approach distance (MAD) for tools. However, in high-altitude areas, the flashover voltage of insulating tools will obviously be lower than that in areas of altitude below 1000 m. The MAD requirements for hot stick employed in low-altitude regions will thus not be suitable for high-altitude conditions. Therefore, it is of great necessity to study the electrical performance of hot stick and to verify whether the hot stick can meet the safety requirements before conducting live working in high-altitude areas.
A large number of experiments have been conducted regarding the influence of altitude on external insulation of power system. The first study about the effect of altitude on sparkover voltage of air insulation was carried out in 1914 [4] . It concluded that the dielectric strength of air decreases with the decreasing air density. Since the 1960s, many field tests have been performed to investigate air gap discharge characteristics in high-altitude conditions [5] - [13] . The research results show that air density has the most obvious effect on the discharge voltage of external insulation in high-altitude environments, and the altitude correction factor is very close to the relative air density. Up to now, discharge characteristics of typical air gaps such as rod-plane gap, rod-rod gap, and transmission line air gaps have been analyzed. In addition, the flashover performance of insulators in high-altitude environments has been investigated [14] , [15] . Based on these test data, various voltage correction methods have been formed, and specific recommendations for external insulation of air gaps, insulators, and power equipment in high-altitude areas have been proposed.
At present, researchers have reached an agreement on the correction method of external insulation discharge voltage for areas where the altitude is less than 2000 m.
The ''g'' parameter method is recommended by IEC 60060-1-2010 for correcting the discharge voltage of external insulation [16] . However, the ''g'' parameter method is not particularly applicable when the altitude exceeds 2000 m [10] . To solve the problem, Chinese scholars used an artificial climate chamber to simulate the high-altitude environment and conducted a series of studies on electrical performance of air gaps and insulators under low-air-pressure conditions [10] - [12] , [14] , [15] . The research results show that because air pressure is a comprehensive reflection of temperature, humidity, and relative air density, the relative air pressure can be used to correct the discharge voltage.
Several studies about live working in high-altitude areas have been conducted in China. Some key technical parameters such as minimum approach distance have been obtained based on experimental data [17] , [18] . However, this research mainly focused on the live working air gaps of transmission lines rather than on hot sticks. Until now, research related to live working on distribution lines and the electrical performance of insulating tools at high-altitude conditions has rarely been reported.
In this paper, the power frequency flashover tests of hot sticks used in live working were carried out in both high and low-altitude areas. The flashover voltage under various atmospheric environments was obtained and the discharge characteristics were analyzed, and then the flashover voltage correction method was proposed. Based on these test results, the minimum approach distance of hot stick was recommended and the safety margin was calculated.
II. TEST ARRANGEMENT AND METHOD
According to the Chinese power industry standard DL/T 876-2004 ''Guide of insulation co-ordination for live working'' [19] , the power frequency withstand voltage of insulating tools should be taken into consideration when deciding the insulation level of live working tools used in 3 kV to 220 kV power systems. In order to investigate the insulation performance of FRP hot sticks in a high-altitude environment, the power frequency discharge tests were carried out at the following locations: Wuhan (28 m), Nyingchi (2900 m), Lhasa (3600 m), and Yambajan (4300 m). During the test, the power source was supplied by a 1000 kV power frequency test transformer. The measuring devices included a 64M-type peak voltage meter and a Tek TDS 340 oscilloscope, and all of the test facilities satisfied the requirements stipulated in IEC standard 60060-1-2010 [16] .
The minimum approach distance (MAD) for tools is the shortest required distance between the conducting part at the live end and the closest point at ground potential [2] . The Chinese national standard GB/T 18857-2008 ''Technical guide for live working in distribution line'' [20] stipulates that for insulating tools used in an area where the altitude is below 1000 m, the minimum approach distance of hot stick is 0.4 m (without end fitting), and 0.7 m (with end fitting), which is 0.3 m longer than that without end fitting. Considering the flashover voltage decrease of hot stick in a high-altitude environment, the distances between the high voltage and the grounding electrodes during the test were selected as 200 mm, 300 mm, 400 mm, 500 mm, 600 mm and 900 mm.
The hot sticks with length of 1.2 m were chosen to conduct the AC flashover test. Before the test, all the hot stick samples were cleaned with trifluorotrichloroethane solution and then allowed to dry for 15 minutes. The test electrodes are made with three or four turns of soft copper with a diameter of 3 mm and the test electrodes were placed at least 100 mm away from the end of the hot stick. Three samples were prepared for each distance, and four discharge tests were performed for each sample, resulting in twelve total tests at each distance. In addition, considering the influence of space location, the hot stick was placed both horizontally and vertically to conduct the test. The even-rising voltage method was used to obtain the flashover voltage of the hot stick. Flashover voltages for which the deviation is less than 10% from the average value of obtained flashover voltages are regarded as valid, and the average value of these valid flashover voltages was recorded. During these tests, the temperature in the lab ranges within 13 • C to 18 • C, and the humidity of these test sites are 8.42 g/m 3 in Yambajan, 8 .85 g/m 3 in Lhasa, 9.22 g/m 3 in Nyingchi, and 15.62 g/m 3 in Wuhan. Fig. 1(a) and Fig. 1(b) show the test photos of hot stick flashover. Table 1 shows the hot stick flashover voltage test results at different test sites. Based on these test data, the relationship between the flashover voltage and the altitude in different discharge distance is plotted, shown in Fig. 2(a) and Fig. 2(b) .
III. TEST RESULTS AND VOLTAGE CORRECTION A. FLASHOVER VOLTAGE TEST RESULTS
As can be seen in Fig. 2(a) and Fig. 2(b) , the hot stick flashover voltage decreases with increasing altitude in both Table 1 also indicate that the hot stick flashover voltage in the horizontal arrangement is 3.8 % ∼ 19.7 % lower than in the vertical arrangement. Thus, the follow-up study is based on the test data of the horizontal arrangement because it is the more serious scenario.
B. VOLTAGE CORRECTION
A large volume of previous work has found that the relationship between discharge voltage and air pressure can be expressed using the power function [11] :
U is the discharge voltage in kV at a high-altitude area (which means lower air pressure); U 0 is the discharge voltage in kV at the standard atmospheric environment; K a is the altitude correction factor; P is the air pressure in kPa at the high-altitude area; P 0 is the standard atmospheric pressure (101.3 kPa); and n is the atmospheric characteristic index.
Based on the test data in Nyingchi (2900 m), Lhasa (3600 m) and Yambajan (4300 m), the relationship between the hot stick flashover voltage and the relative air pressure is plotted using the power function fitting method, and the fitted functions are also shown in Fig. 3 . In Fig. 3 , the calculated atmospheric characteristic index n and the correlation coefficient R 2 are also presented. Since the atmospheric pressure at Wuhan test site is very close to the standard atmospheric pressure P 0 , the flashover voltage of hot stick in Wuhan is regarded as U 0 . Table 2 shows the tested U 0 , fitted U 0 , atmospheric characteristic index n, and fitted correlation coefficient R 2 . The errors between the tested U 0 and the fitted U 0 are also calculated.
According to the data from Table 2 , the atmospheric characteristic index n is between 0.6311 and 0.6698, and the average value of n is 0.65 when the power frequency voltage is applied. All of the errors between the tested U 0 and the fitted U 0 are less than 5%, which means the accuracy of the correction method is acceptable. Therefore, the average value of n (n = 0.65) is chosen as the atmospheric characteristic index.
For industrial application, altitude (H ) is more commonly used than air pressure (P) when analyzing the insulation level of power equipment. Statistical analysis of a large amount of meteorological data shows that the relative air pressure and the altitude in these high-altitude test sites has the following relationship [12] :
where H is the altitude of the test site in km. Taking equation (2) into equation (1), the flashover voltage, U , can be transformed into equation (3):
Using Taylor series and neglecting the quadratic term, then equation (3) can be expressed as:
Thus, the altitude correction factor, K a , can be calculated using the following equation:
From equation (5), it can be concluded that the hot stick flashover voltage will decrease about 7.725% for every 1000 m altitude increase. Because the atmospheric characteristic index n is calculated based on experimental data collected at altitudes of 2900 m, 3600 m, and 4300 m, the altitude correction factor K a is suggested to be applied only where the altitude is within 2500 m to 4500 m.
Based on the test results in the Wuhan area, the altitude correction factor K a and the flashover voltages under different altitudes are obtained using equation (5) . The correction errors between the calculated voltage and the tested voltage are also calculated, as shown in Table 3 .
From Table 3 , it can be found that the maximum error between the calculated and the tested flashover voltage is 2.57%, which is less than 3%, and the average correction error is 0.41%. These results prove that the proposed voltage correction method is reasonably accurate and thus can be relied upon for calculating the hot stick flashover voltage in high-altitude areas.
IV. CALCULATION OF HOT STICK MINIMUM APPROACH DISTANCE A. CALCULATION OF SAFETY MARGIN
Based on the flashover voltage test data in Wuhan area, the hot stick flashover voltage is corrected to 3000 m, 3500 m, 4000, and 4500 m, respectively. The altitude correction factor K a and the corrected flashover voltage are shown in Table 4 .
Based on the corrected data in Table 4 , the relationship between the flashover voltage and the length of the hot stick is plotted, shown in Fig.4 .
It can be observed from Fig. 4 that the discharge voltage gradient decreases when the altitude increases from 3000 m to 4500 m. The gradients of discharge voltage are 3.15 kV/cm (H = 3000 m), 2.99 kV/cm (H = 3500 m), 2.84 kV/cm (H = 4000 m), and 2.68 kV/cm (H = 4500 m), respectively. To reflect the most serious scenario, the corrected voltage below the altitude of 4500 m is used to calculate the hot stick safety margin.
Chinese standard DL/T 876-2004 requires that the conventional procedure of insulation co-ordination should be adopted when deciding the insulation level for 3 kV to 220 kV power systems [19] . In the conventional procedure, safety margin is a key parameter which is defined as the ratio of the voltage the insulation can withstand and the maximum overvoltage of the power system: where A is the safety margin; U W is the minimum voltage the insulation can withstand, in kV; and, U 0·max is the maximum overvoltage of power system, in kV. Taking the discharge voltage deviation σ into account, the minimum voltage the insulation can withstand can be calculated using the discharge voltage U and σ (usually taking σ = 6%):
DL/T 876-2004 stipulates that the maximum overvoltage of a 10 kV power system is 44 kV [19] . Thus, the safety margin A can be written as:
GB/T 18857-2008 [20] requires that the minimum approach distance is 0.4 m (without end fitting) for areas where the altitude is below 1000 m. Based on the test data collected in Wuhan area, the hot stick flashover voltage is 163.1 kV in the horizontal arrangement when the distance between the electrodes is 0.4 m. Therefore, the safety margin of hot stick for live working on 10 kV distribution lines is:
According to the relationship between the flashover voltage and the length of the hot stick in Fig. 4 , the flashover voltage at different lengths below the altitude of 4500 m can be obtained. Table 5 shows the flashover voltage and the calculated safety margin at different hot stick lengths. 
B. HOT STICK MINIMUM APPROACH DISTANCE
Equation (9) indicates that the hot stick safety margin in low-altitude areas is 3.04. The line worker's safety can be guaranteed with this level of safety margin. In order to keep the same safety margin at high-altitude areas, the minimum approach distance of hot stick (without end fitting) should be within 600 mm to 650 mm, based on the calculated results in Table 5 . Considering the flexibility of operation, the minimum approach distance is chosen as 0.6 m. Since this distance is calculated based on the corrected flashover voltage at the altitude of 4500 m, the minimum approach distance of hot stick for live working on 10 kV distribution lines at high-altitude areas (2500 m to 4500 m), without an end fitting should be 0.6 m. The minimum approach distance with an end fitting should be 0.3 m longer than without an end fitting [19] , which should be 0.9 m.
In a high-altitude environment, if the minimum approach distance of hot stick is kept as 0.4 m, the safety margin is still 2.00, which is greater than 1. However, for safety concerns, we recommend that the minimum approach distance of hot stick should be 0.6 m (without end fitting) and 0.9 m (with end fitting) to maintain a safety margin of 3.00.
V. CONCLUSION
In this paper, power frequency flashover tests of hot sticks used in distribution network live working were carried out in different high-altitude test sites including Yambajan (4300 m), Lhasa (3600 m), Nyingchi (2900 m), and Wuhan (28 m). The flashover voltages and the discharge characteristic curves were obtained, and the relationships between flashover voltage and altitude were analyzed. Based on the test results, a voltage correction method was proposed. Finally, the hot stick safety margin was calculated according to the conventional procedure of insulation co-ordination, and a minimum approach distance of hot stick for high-altitude areas was recommended. The conclusions are as follows:
(1) Regardless of the horizontal arrangement or vertical arrangement, the hot stick flashover voltage decreases with an increase in altitude. And the flashover voltage of horizontal arrangement is 3.8 % ∼19.7 % lower than that of vertical arrangement.
(2) For areas where the altitude exceeds 2500 m, the altitude correction factor K a = 1-0.07725H, which means the hot stick flashover voltage decreases about 7.725% for every 1000 m altitude increase. The error of the proposed voltage correction method is less than 3%.
(3) For live working on 10 kV distribution lines at altitudes between 2500 m and 4500 m, the minimum approach distance of hot stick should be 0.6 m (without end fitting) and 0.9 m (with end fitting), respectively. At these approach differences, the hot stick safety margin is 3.00.
